Abstract Aim: To assess the effect of elevated basal shear stress on angiogenesis in humans and the role of enhanced skeletal muscle capillarization on blood flow and O 2 extraction. Methods: Limb haemodynamics and O 2 extraction were measured at rest and during one-leg knee-extensor exercise (12 and 24 W) in 10 healthy untrained young men before and after 4-week treatment with an a 1 receptor-antagonist (Terazosin, 1-2 mg day À1 ). Corresponding biopsies were taken from the m. vastus lateralis.
Introduction
Angiogenesis is a complex process controlled by a number of pro-and anti-angiogenic growth factors, where the balance between these compounds determines whether capillary growth or regression will occur. 1 Several physiological drivers, of both mechanical and chemical origin, influence capillary growth in skeletal muscle by promoting the formation or release of a number angiogenic growth factors. 2 Studies in mice, rats, horses and man have shown that a period of chronically elevated blood flow induced by addition of the a-adrenergic receptor blocker, prazosin, to drinking water leads to increased muscle capillarization. [3] [4] [5] [6] [7] The elevated basal blood flow in skeletal muscle leads to an increased shear stress, the frictional force exerted by the blood on the capillary endothelium, which is registered by mechanosensors and transduced into endothelial cell activation and upregulation of angiogenic proteins. 7, 8 In a previous study on human subjects, we showed that a period of increased blood flow and muscle stretch by passive movement of the lower leg induced angiogenesis in sedentary individuals, 9 which in the absence of metabolic signalling, is consistent with mechanotransductive angiogenesis. However, the isolated effect of a chronic increase in resting blood flow has not been previously examined in humans.
One of the most responsive angiogenic factors is endothelial nitric oxide synthase (eNOS), which can both be activated and increase in expression in response to elevated shear stress. 10 eNOS has been shown to be important for shear stress-induced angiogenesis, 4, 11 an effect likely mediated in part by NO stimulation of vascular endothelial growth factor (VEGF) production. 12, 13 VEGF is thought to be one of the most important growth factors regulating capillary supply in muscle. 14 Genetically modified rodents lacking muscle-specific VEGF expression have low levels of basal capillarization in skeletal muscle, indicating a role for VEGF in regulation of developmental angiogenesis, but the animals also lack the ability to increase muscle capillarization in response to exercise training, 15 implicating VEGF in angiogenesis during adaptive remodelling. The angiogenic effect of VEGF as well as its expression can be countered by the antiangiogenic factor thrombospondin-1 (TSP-1). 16, 17 One of the underlying mechanisms may be the interference of eNOS signalling by TSP-1, 18 and this anti-angiogenic factor may therefore also have important implications for shear stress-induced angiogenesis. Skeletal muscle blood flow is regulated to match O 2 delivery to the metabolic demand. 19, 20 Aerobic exercise training has marked effects on the cardiovascular system and skeletal muscle, enhancing systemic oxygen transport capacity as well as local oxidative capacity. One important adaptation is an increase in peripheral fractional O 2 extraction, and a lowering of blood flow to the exercising limb when exercise is performed submaximally at the same workload. [21] [22] [23] This effect of training is thought to be, at least in part, attributed to a parallel increase in skeletal muscle capillarization. 24 An increase in skeletal muscle capillarization can prolong mean erythrocyte transit time, and reduce diffusion distance, improving conditions for O 2 diffusion, 25 although some data also suggest that an increase in capillary density does not affect muscle O 2 diffusing capacity 26 and that diffusing distance may not be a major limiting factor. 27 The microvascular transport of oxygen to tissue is also influenced by the distribution and tortuosity of capillaries. 28, 29 In addition, exercise training results in many other local adaptations, such as mitochondrial proliferation and optimized blood flow distribution pattern, which may also improve O 2 extraction efficiency. 30 Due to the complex feedback regulation associated with metabolic demand during exercise, the isolated effect of an increase in capillarization on fractional O 2 extraction and blood flow has not previously been examined. The aim of this study was to test the hypothesis that a chronic increase in resting blood flow and a consequent elevated vascular shear stress increases skeletal muscle capillarization in humans. Moreover, we hypothesized that an increase in capillarization would increase skeletal muscle fractional O 2 extraction and lower blood flow during exercise. To this end, we obtained muscle biopsies and measured resting and exercising haemodynamics and blood gasses before and after a 4-week period of treatment with an adrenoreceptor antagonist to generate chronic peripheral dilatation in untrained individuals.
Results

Acute and chronic effects of Terazosin
Acute Terazosin administration increased femoral arterial resting blood flow, leg vascular conductance and heart rate, whereas arterial blood pressure remained unchanged (P < 0.05 vs. baseline (0 min); Fig. 1 , respectively) assessed by global analysis were higher after Terazosin treatment (both P < 0.05; Fig. 2 
Haemodynamics
Seated resting leg blood flow and vascular conductance were lower after Terazosin treatment (P < 0.05), whereas arterial blood pressure was unchanged (Fig. 4) . Terazosin treatment did not alter haemodynamics during passive leg movement. After Terazosin treatment, fractional leg O 2 extraction during exercise at 12 and 24 W was higher (P < 0.05), and leg blood flow and vascular conductance were lower (P < 0.05), leg VO 2 similar (n.s; Fig. 5 ). Femoral venous lactate levels were lower after Terazosin treatment (P < 0.05), whereas noradrenaline levels were similar (n.s.; Table 1 ).
Protein content of angiogenic and angiostatic factors, and OXPHOS complexes in skeletal muscle
There were no differences in VEGF, FLK, TSP-1 or eNOS protein content before and after Terazosin treatment (Fig. 6 ). There were no differences in the five OXPHOS complexes before and after Terazosin treatment (Fig. 7) .
Discussion
The aim of the present study was to determine the effect of an increase in vascular shear stress on angiogenesis, fractional O 2 extraction and blood flow in skeletal muscle. The results show that an elevated resting blood flow accomplished by a 4-week period of a 1 -adrenergic blockade increases skeletal muscle capillarization in humans. Moreover, for the first time we demonstrate that the functional consequences of an increase in skeletal muscle capillarization, without other concomitant aerobic adaptations, are an increase in fractional O 2 extraction, a lower blood flow to the exercising leg and lower venous lactate levels. We show that 4-week treatment with an a 1 -adrenoreceptor antagonist results in a chronic elevation in resting limb blood flow and an increase in skeletal muscle capillarization. The increase in femoral artery perfusion is of similar magnitude to that previously reported during acute adrenergic antagonism in hypertensive men, 33 but modest compared to that seen during exercise. In contrast to periodic bouts of high shear during training sessions, the elevation with Terazosin is chronic. A response in angiogenic factors and an increase in capillary density have been observed in studies using passive exercise training, 9,34 which induces similar increases in blood flow, 35 suggesting that the levels of blood flow during vasodilator treatment are an adequate angiogenic stimulus. Importantly, capillary growth during a 1 -adrenoreceptor blockade only appears to occur in tissues with elevated blood flow, suggesting that capillary shear stress is indeed the underlying mechanism of the increase in skeletal muscle capillarization. 6 This angiogenic response appears to be independent of the vasodilator used to elevate shear stress. 36 In a previous study, we examined the effect of 4-week regular passive leg movement on muscle capillarization and found a small, but significant increase in capillary supply. 9 Passive leg movement induces an approximate twofold-to threefold increase in blood flow, but also a 20% passive stretch of the muscle, 34 and thus, the effect of shear stress vs. stretch on angiogenesis could not be fully distinguished in this model. The current findings of increased capillarization with increased resting blood flow suggest that chronic elevation of shear stress is a sufficiently potent stimulus to promote capillary growth. A comparison between these studies would also indicate that low level more long term (>8 h) as opposed to a higher level, but temporary (90 min) increase in shear stress may be more effective in inducing angiogenesis, which may have important implications for translation of these findings into clinical angiotherapy. The capillary domain defines an area of muscle where maximal oxygen consumption can be supported by an individual microvessel, and provides a more sensitive indication of capillary distribution than possible with linear indices such as ICD, as it incorporates potential sources of supply that may not be adjacent to any given fibre. A quantitative measure of homogeneity in capillary distribution, logSD, represents the degree of variability amongst capillary domains. For example, a decrease would show a more regular pattern of capillary distribution, which may significantly improve efficacy of O 2 diffusive supply. 28 Canonical sprouting angiogenesis is likely responsive to the local metabolic environment and as such is expected to produce a more homogeneous distribution of capillaries relative to the basal condition, whereas the lack of a myocyte response to hyperaemia would suggest a more stochastic angiogenic response, expected to result in an increased capillary supply of similar spatial distribution to that seen prior to intervention. 3, 36 Capillary anisotropy (vessel orientation with respect to fibre axis) is dependent on the growth process recruited: abluminal sprouting in response to myocyte signalling will tend to place new vessels according to locations that will alleviate metabolic stress, 37 and hence reduce the heterogeneity of capillary spacing. In contrast, shear stress-induced angiogenesis leads to luminal division, producing vessels with the same orientation as parent vessels and hence maintains the orientation. 2 The logSD values are Figure 5 Leg a-vO 2 difference, leg VO 2 and femoral venous lactate under resting conditions, passive leg movement and knee-extension (12 and 24 W corresponding to~21 and 42% of peak workload) before and after 4-week treatment (n = 10). *P < 0.05 vs. before terazosin treatment. Figure 4 Leg blood flow, mean arterial pressure and leg vascular conductance during resting conditions, passive leg movement and knee-extension (12 and 24 W corresponding to~21 and~42% of peak workload) before and after 4 weeks of Terazosin treatment (n = 10). * different compared to before terazosin treatment, P < 0.05. consistent with this expectation and infer expansion of the capillary bed with the same degree of anisotropy, something not previously reported in human muscles. The orientation of neovasculature is important for two reasons. First, it adds further support to the concept of dissociation between metabolic signals and angiogenesis, where increased metabolic demand produces a reduction in anisotropy within an expanded capillary bed. 2 Second, it provides the first human data consistent with the importance of mechanotransductive drivers for angiogenesis, adding further support to the concept that mechanical factors provide an effective stimulus for muscle remodelling even in the absence of work. 9, 38 It is known that a period of exercise training can increase fractional O 2 extraction and lower blood flow in the muscle during submaximal exercise. [21] [22] [23] As increased skeletal muscle capillarization and increased muscle oxidative capacity are common adaptations to aerobic exercise training, it has been assumed that the increased fractional O 2 extraction has been a result of these adaptations. However, no in vivo study in either animals or humans has directly demonstrated the lone effect of increasing capillarization on muscle fractional oxygen extraction and blood flow. In the present study, fractional O 2 extraction in the exercising leg was increased in parallel with an increase in capillarization. As the Terazosin treatment was followed by a 3-day washout period before the experimental day, this effect was not related to the acute effects of the vasodilator. Increased capillary density can improve local O 2 delivery by increasing the diffusion area, prolonging mean capillary transit time of erythrocytes and lowering the diffusion distance from capillary to skeletal muscle fibre. 39 While other data have questioned the influence of diffusion distance when viewed in a volumeweighted approach, 40 there is a solid theoretical framework demonstrating that delivery of oxygen at the microvascular level will be elevated by increased capillary perfusion, thereby increasing PO 2 gradients. 28 Although leg VO 2 was not significantly different before and after the Terazosin treatment, improved conditions for O 2 transport and consequently improved support for aerobic metabolism likely explain the lower femoral venous lactate levels following exercise after treatment, especially considering the unchanged levels of oxidative phosphorylation proteins. The increased fractional O 2 extraction and lower blood flow during exercise are similar to the changes observed after a period of aerobic exercise training, supporting the concept that increased capillarization is a major driver for increased fractional O 2 extraction and lower blood flow in the trained state. Although this has commonly been assumed, to date no studies have directly demonstrated this effect of capillarization in muscle. Despite the increased skeletal muscle capillarization, we did not observe an increase in peak O 2 uptake or peak workload during cycling or peak workload during knee-extensions. The lack of effect of an increased capillary density on peak O 2 uptake is consistent with the concept that capacity of the systemic circulation to deliver O 2 to exercising muscles is the major factor limiting maximal O 2 uptake. 19, 41 The lack of effect during knee-extensions may suggest that mitochondrial oxidative capacity rather than diffusion distance is the rate limiting step during small-muscle mass exercise, 42 although we did not determine leg VO 2 during maximal knee-extensions to verify this. The mechanism by which an increase in capillary shear stress induces angiogenesis has been suggested to be linked to an increase in eNOS and NO formation, 4 and NO is known to influence VEGF expression. 12, 13 Despite the increase in resting blood flow and capillarization, there were no changes in protein levels of eNOS, VEGF, VEGF-R2 or TSP-1 following the intervention period. With the exception of eNOS, these observations are in agreement with most reports in humans that these proteins are not altered with training or passive movement. 43, 44 In contrast, levels of eNOS are generally enhanced with aerobic training, 30 and both acute and repeated passive movement increases expression of eNOS mRNA.
9,34
The response of angiogenic factors in rodent skeletal muscle differs somewhat from what is generally found in humans in that levels of VEGF, VEGF-R2, TSP-1 appear to be more readily altered by a period of stimuli such as muscle contraction, shear stress or passive stretch. 11, 45 This discrepancy may, however, be linked to the greater stimulus intensity leading to a more rapid angiogenic response in rodents. In the current study, one possibility for the lack of effect of terazosin treatment on expression of eNOS may reflect that the muscle biopsies were obtained 3 days after treatment ended, as human muscle samples generally are obtained within 48 h after the end of long-term interventions. 43 
Limitations
It is difficult to experimentally distinguish the causality from alternative possibilities, and therefore, it cannot be excluded that the increased capillarization after Terazosin treatment may have resulted in a lower leg blood flow, driving the increased fractional O 2 extraction to maintain leg VO 2 . Despite the peripheral vasodilatation, blood pressure was maintained during Terazosin treatment. Increased arterial baroreceptor activity is likely able to explain this observation, which is possible via parasympathetic withdrawal and sympathetic activation of b 1 or b 2 adrenoreceptors. As leg blood flow and vascular conductance were increased following Terazosin treatment, a 2 receptors are unlikely to be playing a significant role in maintaining vascular resistance, but they may play a role in the regulation of systemic vascular capacity and maintenance of adequate venous return. 46 Although stroke volume/cardiac output was not measured, the modest increase in heart rate suggests that it was elevated. Indeed, peripheral vasodilatation has been previously reported to increase cardiac output. 47, 48 Expression of a 1 adrenoreceptors has been reported to increase in rodents following chronic prazosin treatment, 49 which would explain sustained hyperaemia in the presence of potential tachyphylaxis, and supports the rationale for our experimental design. In contrast, humans appear to increase drug tolerance and reduce Terazosin sensitivity over time. 50 However, while an increase in receptor density/sensitivity is often thought to explain tolerance and hypersensitivity following drug removal, our data suggest that there is no change in the effect of Terazosin over the 4-week period as the increase in leg blood flow was similar after 2 and 4 weeks of treatment. The post-experimental data were collected 3 days following drug removal, when there should be no direct effect of Terazosin due to clearance kinetics, and leg blood flow, arterial blood pressure, heart rate and plasma noradrenaline levels were not different compared to the pre-Terazosin trial. It is therefore unlikely that there was a change in the sensitivity/density of adrenergic receptors.
In conclusion, a period of a 1 -adrenergic receptor blockade increases resting blood flow and capillary shear stress and induces angiogenesis in human skeletal muscle. Moreover, an increase in skeletal muscle capillarization was coincident with increased fractional O 2 extraction and lowered blood flow and appears to lower anaerobic metabolism at the same exercise workload. Increasing capillarization could therefore be an important treatment for patients with microvascular dysfunction in skeletal muscle to improve metabolic efficiency of O 2 extraction and hence promote aerobic capacity.
Materials and methods
Ten young, untrained healthy males were studied (24 AE 2 years, 71 AE 3 kg and 180 AE 2 cm). The study was approved by the Ethics Committee of the Capitol Region of Denmark and conducted in accordance with the guidelines of the Declaration of Helsinki. Written informed consent was obtained from all individuals before enrolment into the study. Before the first experimental day, the individuals visited the laboratory on two occasions to become accustomed to the one-leg knee-extensor model and to perform an incremental bicycle ergometer exercise test in which peak pulmonary oxygen uptake (VO 2 peak) was determined.
Terazosin intervention
Subjects received oral Terazosin (a 1 antagonist Sinalfa; Amdipharm, Dublin, Ireland), with an estimated halflife of 12 h, for 4 weeks. During the first week, subjects ingested 1 mg every night before bed, and for the three subsequent weeks, they ingested 2 mg each night before bed. The dose provided was based on pilot experiments in which it was observed that there was a consistent increase in resting muscle blood flow without side effects with both a 1 and 2 mg day À1 treatment dose. Dosage was initiated at 1 mg day À1 to ensure individual tolerability. The subjects were instructed to be careful not to stand up rapidly, to measure and register blood pressure each morning and night, and to immediately report any side effects. They were also instructed to maintain their normal daily activities. None of the subjects reported changes in blood pressure or relevant side effects during the treatment. The subjects completed an experimental day before the intervention period and 3 days after the last Terazosin ingestion. In eight subjects, resting leg blood flow was measured in the supine position during the first 6 h after 1 mg Terazosin administration, and in all subjects, resting blood flow and arterial blood pressure was assessed in the supine position each week throughout the intervention period.
Experimental days
After local anaesthesia (lidocaine 20%), catheters were placed into the femoral artery and vein of the experimental leg, and a muscle biopsy was obtained from m. vastus lateralis using the Bergstr€ om technique with suction. Following 30 min of supine rest, the subjects completed 5 min of passive leg movement (lower leg was strapped to the ergometer and was moved passively at a frequency of 60 r.p.m.) followed by active one-legged knee-extensor exercise (5 min at 12 and 24 W). Blood samples were drawn at rest (supine and seated in the knee-extensor ergometer), during passive leg movement (at 0.5, 1.5 and 4 min) and during active exercise (at 2.5 and 4.5 min).
Measurements
Leg blood flow was measured with ultrasound Doppler (Logic E9; GE Healthcare, Chicago, IL, USA) as previously described. 31 Intra-arterial pressure was monitored with transducers (Pressure Monitoring Kit, Edwards Lifesciences, Irvine, CA, USA) positioned at the level of the heart. Body mass was determined from whole-body dual-energy X-ray absorptiometry scanning (Prodigy; GE Healthcare).
Cycling test
Subjects performed an incremental bicycle ergometer test in which pulmonary oxygen uptake was determined with a metabolic cart (CPET system, Cosmed, Rome, Italy). After a 10-min warm-up (75 W), the workload was increased by 25 W every minute until voluntary exhaustion. Voluntary exhaustion was defined as an inability to maintain a pedalling frequency >60 RPM. VO 2 peak was calculated as the average of 30 s.
Analyses
Blood samples
Blood gases, haemoglobin and lactate concentrations were measured using an ABL725 analyzer (Radiometer, Glostrup, Denmark). Plasma noradrenaline was determined with ELISA (LDN, Nordhorn, Germany).
Immunohistochemistry
Liquid N 2 -frozen biopsy samples were cut using a cryostat into 8-lm-thick transverse sections, attached to coated slides and fixed by immersion in acetone (À20°C for 30 s) followed by 2% formaldehyde (2 min at room temperature). The sections were rinsed in 10 mM phosphate-buffered saline containing 1% bovine serum albumin (PBS-BSA) and blocked for 1 h with PBS-BSA. The lectin Ulex europaeus agglutinin-1 (UEA-1) was used as endothelial cell marker (DAKO A/S, Glostrup, Denmark). The sections were incubated with biotinylated U. europaeus agglutinin-1 (UEA-1) endothelial cell marker (B-1065, Vector Laboratories). After rinsing, the sections were then incubated with fluorescein coupled streptavidin (F-0422, DAKO A/S, Denmark) for visualization. Capillaries and muscle fibres were visualized at a total magnification of 9400. On average, 300 fibres were counted per biopsy, analysing one random section per biopsy to accommodate the statistical requirements of a stereological protocol, using an unbiased sampling grid to minimize errors such as edgeeffects. 32 Morphometric data were calculated using digitized images and the image analysis software (ImageJ, NIH). The number of capillaries per fibre (C : F), the fibre cross-sectional area (FCSA, lm 2 ) and capillary density (CD, mm À2 ) were computed from all biopsies with adequate muscle preservation. Using samples from a subset of five individuals, binary images were then imported into an analysis package to estimate capillary distribution. 28 A region of interest (ROI) was placed over the images to allow unbiased sampling to calculate C : F and CD 32 and used to quantify the area of tissue supplied by a single capillary (capillary domain) based on the tessellation of Voronoi polygons representing that area of tissue closer to one capillary than another. The domain areas were normalized by logarithmic transformation to form a parametric data series and the SD calculated. This area-based approach permits calculation of the local heterogeneity in capillary spacing (logSD).
Western blots
Biopsies were freeze-dried and dissected free from fat, blood and connective tissue. 
Statistical analysis
A two-way repeated-measures ANOVA was performed to detect treatment-induced changes. After a significant F-test, pairwise differences were identified using the Tukey post hoc procedure. The significance level was set at P < 0.05 and data expressed as mean AE SEM. Steady state conditions were reached after the first 0.5 min of passive leg movement, and means were obtained at 0.5, 1.5 and 4 min. No statistical difference was seen between measurements obtained at 2.5 and 4.5 min during active exercise, and data presented are therefore the mean of these measurements.
